Abstract -Grassed buffer strips are one way to reduce pesticide transfer by surface runoff from farmed fields to streams. Numerous experimental studies have demonstrated that this type of development is very effective in various conditions. The results are nevertheless very variable. This variability is partially explained by the multiplicity of processes and contributive factors and by the fact that the latter are dynamic in nature and site-specific. Several results also show that the intercepted products are not systematically immobilized within the strip but can move in the subsurface, thus affecting the overall effectiveness of the system. As a consequence of this complexity, the present guidelines for the sizing and siting of grassed strips are still only qualitative or are the result of empirical approaches. The present review analyses the available results and defines needs for further research. This concerns several basic processes determining the pesticide interception by grassed strips and numerical models necessary to integrate the complexity of interacting processes and formulate reliable managing guidelines.
INTRODUCTION
Despite the implementation of new regulatory provisions and the progressive introduction of farming practices that restrict the use of the most mobile pesticides, such products are still frequently found in surface waters at concentrations above the maximum level permitted by the European Directive on Drinking Water (98/83/EC). The use of grassed strips in the prevention of nonpoint source pollution of surface water has been the subject of numerous studies over recent decades. Indeed, surface runoff coming from farmed fields is a major source of contamination of surface water. Grassed strips, acting like a buffer zone, can be an effective solution to reduce this type of transfer between the farmed field and the hydrologic reservoirs.
The first experimental results concerned the ability of grassed strips to intercept flows of sediments and nutrients transported by runoff. Two major scientific reviews should be mentioned: one discusses the retention of nitrogen, phosphorus and sediments by grassed strips following the various transport processes (surface runoff, subsurface drainage, and soluble or adsorbed to particles) (Muscutt et al., 1993) , and the other analyzes the contradictory results published about nutrient retention on the plot scale and the catchment scale, in order to underline the importance of appropriately locating the buffer zone in accordance with the local buffer physical characteristics or the type of pollutant concerned (Norris, 1993) . The results acquired on the ability of grassed strips to capture pesticides in surface runoff are more recent, although a few isolated studies can be found before 1990 (Asmussen et al., 1977; Rohde et al., 1980) . Indeed, the literature has grown considerably over the last ten years, and has been particularly concerned with the limitation of water pollution by herbicides. As well as evaluating the effectiveness of grassed strips in retaining these products, these studies have been designed to provide a better understanding of the processes and factors involved in pesticide retention by the strips. The ultimate aim was to determine rules for sizing and locating the strips in order to optimize their efficiency for limiting surface water pollution at the outlet of fields and watersheds. As far as we know, only one review has been published until now about pesticide retention by grassed strips (USDA-NRCS, 2000) . Its main aim was practical; namely, to help American engineers assisting farmers and landowners installing conservation buffers. This report deals with different types of buffers, lists the results published about the potential of buffers to limit pesticide transport by surface runoff, and gives technical and economical considerations for buffer locating, sizing and maintenance. Finally, the review of Dosskey (2001) should also be mentioned even if only some of the presented results concern pesticides, because it is a recent and major review. All the environmental functions of buffers (surface runoff reduction and filtration, groundwater filtration, bank stabilization and stream water filtration) were evaluated, and information gaps were identified.
The main aims of the present review are to define which mechanisms involved in the epuration potential of grassed strips are now well understood and which need further research, in the specific case of pesticide transport by surface runoff. In this respect, four specific questions are addressed hereafter:
(1) What are the main sources of variation of the effectiveness of grassed strips for intercepting pesticides in surface runoff?
(2) What is the fate of the compounds intercepted by a grassed strip?
(3) What are the existing modeling approaches to the simulation of grassed strips and what are their limits?
(4) What are the current recommendations applied for dimensioning and locating a grassed strip in a watershed and how are they consistent with our current state of knowledge? Table I shows the latest works on pesticide retention by grassed strips, complementing the previously published literature review (USDA-NRCS, 2000) . The presented results confirm that grassed strips can be very efficient at dissipating flows of pesticides present in the surface runoff. However, they also show a large variability of the observed efficiencies, as has already been emphasized elsewhere (Dosskey, 2001 (Dosskey, , 2002 . Interpreting this variability is a complex matter. This is primarily due to large differences in the experimental protocols, as can be seen in Table I . A first source of differences is related to the kind of experiment, in natural or simulated flow conditions. Experiments conducted under natural conditions reproduce the configuration of a grassed strip adjacent to a cultivated plot subject to rainfall. Measurements are made continuously for a long time, i.e. for a wide range of hydrologic conditions on the same plot. In contrast, experiments based on rainfall and/or runoff simulations have several restrictive features. The simulated hyetographs and/or hydrographs usually consist only of a single runoff event with constant and timelimited flow. The dimensions of the simulators are small, resulting in large grassed surface / treated surface ratios. The grassed part is usually not watered (except in combined runoff+rainfall systems) so dilution processes and increase in transport capacity due to rain falling directly on the strip are not taken into account. The strip is usually "dry" when the simulated runoff starts. In runoff simulations, the flow has a null velocity when it enters the strip; its concentration in pesticide is kept constant throughout the runoff event. These differences between natural and simulated flow conditions raise doubts about the representativeness of the results obtained with simulators and may explain in part the variable observed efficiencies of grassed strips.
VARIATION IN INTERCEPTION PERFORMANCE OF GRASSED STRIPS
A second source of variability is the large variation of many experimental parameters (e.g. the treated area vs. grassed area ratio or incoming flow rate, molecule type, grassed length, soil type or initial soil moisture) between the experiments, making it difficult to compare the results. Several parameters often vary simultaneously and in turn it is difficult to detect which parameter may explain the exact origin of the observed differences in efficiency among several experiments. This is reinforced by the fact that in many papers key parameters, such as the soil water status at the time of the event or the soil hydrodynamic properties, are not indicated, or worse, were not measured.
A last source is the difference in the way the grassed strip efficiencies are expressed: in terms of pesticide mass, in terms of mean concentration or flux, or in terms of instantaneous concentration. Furthermore, the elements needed to harmonize these results are not always provided.
Finally, comparing results stemming from different experiments and different authors appears to be quite hazardous. To illustrate this, Figure 1 compares the infiltration capacities of grassed strips as observed by several authors. The dispersion of results is tremendous and cannot be related to variations in the length of the strip, which is thought of as a main parameter of grassed strips' efficiency.
In sum, the effectiveness variability suggests that a wide range of physical and biochemical processes are involved in the functioning of grassed strips and that their relative importance can vary from one situation to another as a function of numerous parameters. It is therefore necessary to move beyond simple recognition of the effectiveness of a grassed strip and to examine its behavior from a mechanistic point of view, with the aim of explaining the variability of the experimental results. To this end, we review below the factors that were shown in the literature to be involved in the interception capacity of a strip.
Mechanisms of interception
Overall, four main processes are thought to be responsible for the interception properties of a grassed strip (see Fig. 2 ).
Infiltration
Many authors have shown that the main advantage of a strip lies in its high infiltration capacity (Muscutt et al., 1993 ; Patty, 1997; USDA-NRCS, 2000) (see Tab. I for quantitative data). This process primarily acts on the compounds in solution, a part of which infiltrates the soil. However, fine (< 0.45 µm) particles can also penetrate the soil, carrying with them molecules adsorbed to their surface (Mercier, 1998) . Few in situ measurements of the permeability of grassed strips are available: they are all particularly high, ranging, for example, from 2 to 58 cm/h for a cover of 7-year-old Perennial ryegrass (Lolium perenne) and from 15 to 33 cm/h for the root zone of a 2-to 3-month-old fescue cover (Watanabe and Grismer, 2001) . It has been noted that grassing can modify the pore characteristics of the soil surface layer. This can be explained by the structuring effect of the grass rooting system, which is particularly dense, and by the increase in soil organic matter (Benoit et al., 1999; Madrigal et al., 2002) , the latter having a stabilizing effect on particle aggregates (Tisdall and Oades, 1982) . Macrofaunal activity also plays a role: populations of rodents, moles or earthworms are usually high on grasslands, because of the presence of food, the absence of pesticide treatment and the absence of tillage (Beven and Germann, 1982) , and they encourage the formation of rapid flow paths. Observations on soil cylinder samples from grassed strips confirm the presence of roots and worm holes (2-3 mm in diameter) up to 30 cm below the surface (Benoit et al., 2000; Pot et al., 2003) . However, there are very few quantitative data on the impact of macroporosity of plant or animal origin on infiltration capacity.
Sedimentation
This process reduces the flow of suspended particles and thus the flow of pesticides adsorbed to their surface. Laboratory canal experiments have shown that particle retention occurs mainly as a result of sedimentation upstream of the strip, in the area of still water that builds up against the upper boundary of the grassed zone Ghadiri et al., 2001; Meyer et al., 1995) , rather than as a result of the filtering effect (in the mechanical sense of the term) of the vegetation itself.
The transport capacity in this still water area is virtually zero, leading to rapid deposit of the suspended particles Jin et al., 2000) . However, the deposit formed upstream can be carried inside the strip more or less rapidly . It must also be noted that sediment deposits may lead to a great malfunctioning of the grassed strip in erosive areas. Deposition that occurs upstream of the grassed strip can increase to the point of forming ridges that concentrates the flow in local outlets or in extreme cases, to the point of sealing the grass roughness, which induces the formation of water pathways with high velocities.
Dilution
This operates at the surface of the strip when uncontaminated rainwater falls on the strip and mixes with the contaminated runoff coming from upstream. The dilution factor (rainfall / rainfall+runoff) is usually non-negligible (Lowrance et al., 1997; Schmitt et al., 1999; Vellidis et al., 2002) . It is determined by the area of grassed zone / area of treated zone ratio and by the runoff and rainwater volumes. The recorded observations show concentration reductions associated with dilution ranging from 25 to 50% for an 8-m strip downstream of a 2.5-ha cultivated plot (Lowrance et al., 1997) , from 30 to 67% for an 8-m strip downstream of a 10-m hillslope (Vellidis et al., 2002) , and from 15 to 30% for 7-m and 15-m strips, respectively, receiving the runoff of an 80-m cultivated hillslope (Schmitt et al., 1999) . However, we must underline that dilution influences only the concentration of pesticides in overland flow, but does not change the loads of pesticides crossing the grassed strip.
Adsorption
This concerns molecules in solution. It occurs on the soil surface, on the aboveground part of the vegetation and on any other plant debris on the surface of the strip. The aboveground part of the vegetation and the partially humified plant debris have the highest adsorption capacities (Benoit et al., 1999; Lickfeldt and Branham, 1995) , while the soil has a smaller but still significant capacity, higher than for the same soil when cultivated or bare (Benoit et al., 1999 (Benoit et al., , 2000 Madrigal et al., 2002; Mersie et al., 1999; Reungsang et al., 2001; Staddon et al., 2001 ). This adsorption capacity varies according to the soil organic matter content (Benoit et al., 1999; Reungsang et al., 2001; Staddon et al., 2001) . Quantification of the role of adsorption in the effectiveness of grassed strips is quite difficult experimentally: direct measurements of the amount of adsorbed pesticides on the soil and plant materials of the strip are difficult from an analytical point of view since the amounts are small. So, the values are most often estimated indirectly from the difference between pesticide concentrations entering and exiting the strip by overland flow. This makes it necessary to take into account the other processes responsible for the reduction of pesticide concentration in overland flow crossing the strip: namely, dilution by rainfall, but also infiltration. This explains why there are few reliable quantitative results concerning the impact of adsorption on the flows of pesticide conveyed. Nevertheless, it was shown that adsorption is a significant retention mechanism, although there are conflicting reports about the exact value of the process contribution (Arora et al., 1996; Krutz et al., 2003; Misra et al., 1996; Souiller et al., 2002; Spatz et al., 1997) .
Major properties of grassed strips influencing interception

Infiltration
The infiltration capacity of a strip is controlled by several factors. One is the infiltrating area of the strip, which depends on the dimensions of the system (length and width). The impact of the grassed length on infiltrated volumes has been demonstrated by many authors, who compared outflows from strips of different lengths (C.A. Vaucluse, 2000; Dillaha et al., 1989; Lim et al., 1998; Patty et al., 1997; Schmitt et al., 1999; Spatz et al., 1997; van Dijk et al., 1996) . The infiltrating area also depends, however, on the uniformity of the surface flow on the strip. With most grassed strips the effective width of flow is less than the width of the strip. Channelized flow often occurs as a consequence of non-flat topography (Abu-Zreig et al., 2001; Dillaha et al., 1989; Lecomte, 1999) or of concentrated entering flow.
Other factors of control are the soil hydraulic properties, which vary according to the pore structure of the soil surface layer, and to all factors influencing it, namely the soil type, the precedent soil treatments, and the age and nature of the sward, since it has a structuring effect on soil porosity (Benoit et al., 1999 (Benoit et al., , 2000 Reungsang et al., 2001) .
A last set of factors is the initial and boundary conditions of the strip. As shown by the infiltration theory (Smith, 2002) , the initial soil water status, the presence of an impermeable layer close to the soil surface and the water height of surface flow during the flood event are of importance. Observations on grassed strips confirmed that the infiltration capacity is less when the soil is already close to saturation at the beginning of the runoff event (Arora et al., 1996) . Also, the infiltration capacity will tend more or less rapidly towards zero when an impermeable boundary does exist in the soil profile. Reciprocally, there is no direct evidence whether the variation in hydraulic head is an important factor of variation of observed infiltration capacities, since it is difficult to measure accurately the flow water heights on grassed soils. Several experiments indicated that when the flow rate increases, infiltration increases by a similar amount, e.g. by a factor of 1.7 (Arora et al., 1996; Misra et al., 1996) or 1.5 when runoff doubles. But this effect might also be due to an increase in the infiltrating area, as a high flow rate will overflow the microtopography.
Sedimentation
Several studies have shown that the grassed length is not a determining parameter for the retention of suspended matter, even if it favors it (C.A. Vaucluse, 2000; Dillaha et al., 1989; Lim et al., 1998; Schmitt et al., 1999; Spatz et al., 1997; Srivastava et al., 1996; Tingle et al., 1998) . This is consistent with in situ observations, already reported above, showing that sedimentation essentially occurs either in the first few decimeters of the strip (Tingle et al., 1998) or upstream of it Ghadiri et al., 2001; Meyer et al., 1995) . Experiments using laboratory models indicate that the parameters influencing upstream sedimentation are the size distribution of the suspended particles, the velocity of the flow entering the strip and the height of water built up against the upstream boundary of the strip by a dam effect . The mechanical properties of the grass cover, and in particular its density and its resistance to bending (linked to stem diameter), are therefore determining factors (Jin et al., 2000; Meyer et al., 1995) . Vegetation density is linked to the grass age so that significant differences are observed between 2-year-old strips and denser 15-or 25-year-old strips (Schmitt et al., 1999; van Dijk et al., 1996) . Regarding the impact of the size distribution on particle trapping, in situ experiments confirm that the coarsest particles are deposited first (Lee et al., 2000) , so that the relative proportion of the finest particules (< 20 µm) in total solid transport increases between the entry and the exit of a grassed strip (Lecomte, 1999) . This is of first importance since pesticide concentration can be ten times higher in this fraction (< 20 µm) than in coarser ones (Lecomte, 1999) : thus, the sedimentation process could have only a reduced impact on the transport of pesticides, even if strongly adsorbed products are concerned.
Adsorption
The overall adsorption capacity of the strip is primarily determined by the contact area between flowing water and the soil and vegetation of the strip. It might therefore be correlated with the length of the strip, the effective width of flow and the surface roughness/height of runoff water ratio. However, relevant experimental results about the adsorption process in grassed strips are few in number. They show no clear correlation between the length of the grassed strip and reduction in concentrations by adsorption (Patty, 1997; Tingle et al., 1998) . There are contradictory results on the effect of water height (Misra et al., 1996; Souiller et al., 2002) and no results at all concerning the impact of the effective flow width. A plant density effect has, however, been demonstrated: atrazin, alachlor and permethrin concentrations were statistically smaller at the outflow of a 25-year-old grassed strip than at that of a (less dense) 2-year-old strip (Schmitt et al., 1999) .
The variation of adsorption capacities of grassed strips may also be related to the known factors of the adsorption process of organic compounds; namely, the nature of the adsorbate, that of the adsorbents, the water content of the adsorbent, the quantity of available adsorbate, the presence of other organic molecules or mineral ions, the pH and the temperature (Calvet et al., 1980) . As far as organic pesticides are concerned, laboratory studies have shown that their adsorption is almost proportional to the organic matter content of the substrate (Stoeckel et al., 1997) . Studies on grassed strips confirmed it and showed large adsorption capacities due to large organic matter contents (Benoit et al., 1999; Madrigal et al., 2002; Reungsang et al., 2001) . The relationship between adsorption and organic matter content is generally represented by the K oc [L 3 
where C s is the adsorbed concentration [M.M -1 ], C eq the concentration of the product in solution [M.L -3 ] and f oc the mass fraction of soil organic carbon [-] .
The K oc can be regarded as intrinsic to each compound and varies considerably among the compounds. As a result, the adsorption capacity of a strip also varies very much according to the coumpound of interest (Schmitt et al., 1999; Souiller et al., 2002; Spatz et al., 1997) . For instance, the concentration of diflufenican (K oc of 1990 L/kg) in the liquid phase of the surface runoff can be reduced by two-thirds as it passes through a grassed strip, whereas the concentrations of atrazin and isoproturon (K oc of 38-174 L/kg and 80-230 L/kg, respectively) are not reduced at all . The overall retention (infiltration + adsorption) of pendimethalin (K oc of 5000 L/kg) in a grassed strip can be 96% while only 75% of isoproturon (K oc of 122 L/kg) is retained (Spatz et al., 1997) .
It must be underlined that the total organic matter content of the substrate is not the only factor defining the retention of a given compound. Laboratory studies of soil samples taken from grassed strips indicate that the nature of the organic matter, and particularly its degree of mineralization can also have an impact. For example, partially humified organic matter, enriched in constituents such as lignins or cutins were shown to increase adsorption (Benoit et al., 1999) . Moreover, in a carbonated and/or calcareous soil, the hydrophobic character of the organic matter declines and hence also the retention of neutral hydrophobic molecules (e.g. isoproturon) or very hydrophobic molecules (e.g. diflufenican) (Madrigal et al., 2002) . Another factor determining adsorption is clay content, the second most significant adsorbent of the soil after organic matter. The clay influence is considered to be significant if the clay / organic matter ratio is above 30 (Staddon et al., 2001) .
Finally, the adsorption capacity of a grassed strip also depends on kinetics aspects since flow is transient and adsorption is not an instantaneous process. In the case of isoproturon and diflufenican, it was shown that equilibrium between the concentrations of pesticides in the adsorbed phase and in the liquid phase is reached after a delay of 5 minutes to several hours, depending on the substrates (Madrigal et al., 2002; Margoum et al., 2001 ). In comparison, since flow velocities on a grassed substrate can be estimated to be of the order of about one meter per minute (Gril et al., 1996) , contact times are of the order of a few minutes depending on the length of the grassed strip. This means that equilibrium may not be reached for the specific flow conditions in a strip. Although there are too few results on the adsorption kinetics of pesticides to soil to draw any firm conclusions, it is reasonable to assume that adsorption kinetics significantly limit the adsorption on the strips for standard strip lengths and flow rates. This also shows the difficulty of interpreting results obtained under real flow conditions using adsorption coefficients obtained in batch experiments with long contact times, high concentrations and sufficient agitation to ensure optimum contact between the two phases. In turn, it suggests a need for additional studies on pesticide adsorption by grassed strips under realistic flow conditions.
Temporal changes in interception effectiveness
It must be emphasized that the effectiveness of a grassed strip varies over time, according to the dynamic of each process and the factors controlling them. The evolution of the strip must be taken into account to explain the observed variations in the interception effectiveness of water and pesticide overland flows by a grassed system under natural conditions on event, year and long-term scales. Several processes are involved.
First, rainfall regimes and upstream runoff impose variable supply conditions in terms of water flow rate and pesticide concentrations, and in terms of variable initial soil moistures of the strip, both on the event and year scales. Since infiltration, adsorption and sedimentation processes depend on the characteristics of the incoming flux and on the initial conditions, this leads to large variations in the apparent effectiveness of the strip on the event (Arora et al., 1996) and year scales (Arora et al., 1996; Lowrance et al., 1997; Rankins et al., 2001; Tingle et al., 1998) .
Second, biological processes such as root development, changes in organic matter content and macrofaunal activity also largely influence the interception capacity of a strip, but mainly on annual or longer timescales. For example, they were shown to lead to changes in soil permeability (Benoit et al., 1999; Beven and Germann, 1982; Reungsang et al., 2001; Souiller et al., 2002) by a modification of the soil poral structure, or to an increase in adsorption capacity by a larger organic matter content (Benoit et al., 1999 ).
Third, a major factor of evolution is the sedimentation process. It can lead to significant changes in soil permeability, slope and surface roughness which alter the infiltration rates, favor channel flow and in turn decrease the infiltration capacity of the strip (Deletic, 2000; Misra et al., 1994) . These effects occur on the event scale as well as on longer scales. In the long term, the negative effects of the sediment deposits can counterbalance the positive effects of biological activity on permeability and adsorption, and may require some management of the strip (levelling, tillage or resowing).
Knowledge needs about interception performance
The main processes and properties of the strips which determine their interception effectiveness are known at least from a
Using grassed strips to limit pesticide transfer to surface water: a review 259 qualitative point of view. Table II summarizes the processes, their control variables or parameters and the strip properties that influence them. However, the prediction of the interception effectiveness of a given strip still seems unattainable with the present state of knowledge. In our opinion, there are two major reasons for this.
The first one stems from the number of interacting processes and strip properties, which is so large that the global functioning of a strip does not seem to be predictable by a simple model and from a few characteristics of the strip (e.g. strip length). Evidence of this is the large variation in observed interception effectiveness, which appears difficult to relate to the variation of the strip properties. Concerning the latter, we must stress that in many papers the observed effectivenesses of grassed strips are published without any proper description of the intrinsic characteristics of the strips, or of the initial and boundary conditions. As a consequence, despite the large number of available experiments, the number of relevant data is small for elucidating the sources of variation of the functioning of grassed strips.
The second reason is that some processes are clearly insufficiently described from a quantitative point of view. Among them the main points are the channeling of surface flow within a strip, the contribution of preferential flows to the infiltration process, the fate of fine solid particles in relation to the sedimentation and infiltration processes, the adsorption process on plant and soil materials (and its variation according to the flow conditions and the type of organic substrate), and the temporal changes in strip characteristics due to biological activity and/ or the sedimentation process.
FATE OF PESTICIDES INTERCEPTED BY A GRASSED SYSTEM
Little work has been done on what becomes of the products intercepted by a buffer strip. This issue is, however, important because grassed strips are often established close to streams and, hence, are potentially close to surface-and groundwaters. The following questions arise: are the products adsorbed to the solid soil matrix? What is their degradation rate after adsorption? What is the risk that the products will be transferred to depth, both through direct percolation of the contaminated runoff water via macropore-type preferential flow paths and through the leaching of molecules previously adsorbed to the soil matrix of the grassed strip? Can lateral subsurface transfer occur? Are such transfers sufficiently large to significantly affect the actual effectiveness of a grassed system? Is there a large risk of contamination if the grassed strip is above a shallow water table or established on a river bank (the case of riparian strips)?
Degradation of infiltrated products
The degradation process concerns the infiltrated compounds that remain in the soil after infiltration either in the adsorbed Table II . Presentation of processes and main parameters controlling the buffer capacity of a grassed strip. phase or in the liquid phase. Degradation decomposes the parent molecule into by-products, that can have an even higher reactivity with the soil components than the parent material. Such is the case with isoproturon (Benoit et al., 1999 (Benoit et al., , 2000 , metolachlor (Staddon et al., 2001 ) and atrazin (Mersie et al., 1999) , molecules that have a moderate K oc but are rapidly decomposed and have metabolites that are adsorbed to a much greater extent than the parent molecule. It has generally been observed that grassed strips have a high degradation potential because of their high total and readily available organic carbon content. Fungi and bacteria populations and enzyme activity are up to 4 times higher within a grassed soil than in bare soil (Staddon et al., 2001 ). This explains the faster degradation kinetics noted in grassed soils than in tilled soils (Benoit et al., 2000; Mersie et al., 1999) and the fact that the surface horizons, with the highest carbon content, are the site of the most intense microbial and enzyme activity (Benoit et al., 2000) .
The estimated half-lives (corresponding to the disappearance of half of the applied quantity) for the parent molecules are short: for metolachlor, 10 days in a grassed strip and 23 days on bare soil (Staddon et al., 2001) ; for atrazin, between 14 and 121 days depending on the horizon and the soil in question (Reungsang et al., 2001 ); for isoproturon, from 72 days on cultivated soil to 8 days in the surface horizon of a grassed soil (Benoit et al., 1999) . However, the measured disappearance of a compound is in fact also the result of partial decomposition into the degradation metabolite. Actually, complete mineralization of pesticides still takes a long time despite the favorable conditions encountered in grassed soil. For instance, with samples of grassed soil under standard conditions, complete mineralization was measured to be less than 1% for isoproturon after 44 days of incubation (Benoit et al., 2000) , less than 4% for metolachlor after 46 days of incubation (Staddon et al., 2001 ) and less than 6% for atrazin after 84 days of incubation (Mersie et al., 1999) . Besides, it must be remembered that degradation metabolites can be more stable than the parent molecule (Benoit et al., 1999 (Benoit et al., , 2000 Mersie et al., 1999) . For instance, atrazin degrades rapidly in the open field but its degradation products can persist in the soil for up to 9 years after its application (Stoeckel et al., 1997) . So, even if it seems that degradation may rather rapidly decrease the concentrations of parent compounds infiltrated in the strip, and consequently limits the risks of accumulation and leaching, it is probably not true for degradation products. More data needs to be collected on the daughter products of the major pesticides in use to be able to analyze the specific risks of accumulation and leaching of these compounds.
Deep percolation of the compounds
The American guidelines relating to the development of buffer zones (USDA-NRCS, 2000) assume that the risk of deep percolation of pesticides under grassed strips is not significant. This hypothesis is based on three assumptions: (i) strongly adsorbed products have a very low leaching potential, because of the role of the strip in filtering suspended matter and the retention capacity of grassed soils; (ii) weakly adsorbed products have a high leaching potential, but it cannot be expressed on grassed strips as this type of molecule is present only at small concentration in the incoming surface runoff water due to rapid infiltration of products at the application plot level, and (iii) whenever leaching occurs, subsurface flows are less prejudicial than allowing surface runoff to directly enter the stream, due to the adsorption and degradation capacity of soil and vegetation in the buffer.
The first and third assumptions appear to be justified, even if for the first, a doubt remains about the effective retention of the finest and most contaminated solid particles (Lecomte, 1999; Mercier, 1998) .
But the second is not. In fact, several studies have shown the presence of pesticides with a low K oc in runoff water from agricultural fields (Lennartz et al., 1997; Louchart et al., 2001; Neumann et al., 2002; Schiavon et al.; Wauchope, 1978) .
Furthermore, several experimental results showed the existence of significant percolation of pesticides below grassed strips. With a strip established downstream of a maize plot treated with atrazin, for instance, the annual quantities leached below 120 cm under the grassed strip relative to the area of the plot were of the order of 0.6 to 2.9 g·ha -1 for an applied dose of 750 g·ha -1 (Delphin and Chapot, 2001 ). The maximum concentrations measured by these authors in the soil solution at a 60 cm depth were as high as 10 mg·L -1 for atrazin and 6 mg·L -1 for deethylatrazin. The authors explain that in the hydrologic conditions concerned the transfer occurred in two stages: (i) rapid transfer during the period following application of the product, but limited to the first 60 cm because of the evapotranspiration of both the crop and the strip, leading to a deficit water balance, and (ii) transport to a greater depth through the leaching of the adsorbed molecules after the growing period of the crop, when precipitation again exceeded evapotranspiration. In this situation, the risk of contamination concerns only molecules (parent molecules or metabolites) sufficiently persistent to still be present in the soil profile once the growing period of the crop has ended. Two studies also showed the temporary and localized contamination of a shallow water table by atrazin and alachlor beyond a buffer system, both of which are attributed to infiltration of surface runoff in a grassed strip (Lowrance et al., 1997; Vellidis et al., 2002) . The peak concentration of atrazin measured in the water table was 6 µg·L -1 immediately upstream of the strip and 2 µg·L -1 downstream, for a runoff concentration of 90 µg·L -1 (Lowrance et al., 1997) . According to the authors, the very short transfer times can only be attributed to contamination by surface runoff and not to subsurface spread from the treated plot.
The occurrence of pesticide transport to depth under grassed strips may be linked both to the existence of macropore-type rapid transfer paths and to the leaching of previously adsorbed pesticides on the soil matrix. Macropores, which can explain the high infiltrability of grassed soils, constitute potential hydraulic bypasses with regard to the retention capacities of the porous matrix. Several observations suggest the existence of these structures:
(i) in situ concentration measurements using porous ceramic cups located 60 cm below a grassed strip, indicating contamination of the soil solution with atrazin and deethylatrazin in a time incompatible with matrix transfers (Delphin and Chapot, 2001) ;
(ii) particularly rapid bromide and isoproturon elution curves obtained on an undisturbed column (Benoit et al., 2000) ; (iii) in situ measurements under a grassed strip that had received contaminated runoff, showing residual concentrations on the soil matrix too small to be explained by Darcy-type matrix transport which in principle presents sufficiently long contact times and large exchange areas for higher soil matrix concentrations .
However, the role of the macropores should not be overrated. Not all the macropores present in the soil are necessarily active; only those hydraulically connected to the surface contribute to the transfers, while the others remain dry through the capillary barrier effect. In addition, the macropore walls can also be the site of active adsorption, linked to the presence of organic substances (Edwards et al., 1992) . The results concerning the contribution of macropores to infiltration in grassed strips are still too partial and too few to permit any quantitative conclusion about the risk of deep percolation due to these poral structures.
There are virtually no results on the leaching of products already trapped in a grassed strip. It has been shown that bound products on the surface of a grassed strip can be salted out during subsequent runoff episodes (Schmitt et al., 1999; Watanabe and Grismer, 2001) . But it has generally been shown that adsorption in the soil of a grassed strip is less reversible than in bare soil and that reversibility decreases rapidly with time so that the risk would be limited (Benoit et al., 1999) . With isoproturon, it has also been shown that salting out does not concern the parent product, which decomposes rapidly, but rather its metabolites, which are more stable and whose fate is intrinsically linked to the evolution of the soil organic matter to which they are tightly bound (Benoit et al., 2000) .
Subsurface lateral transport
The occurrence of subsurface lateral transport in grassed strips must be questioned mainly in the case of riparian strips where this type of flow may directly contaminate the river. Subsurface transport is more likely when there is a discontinuity in the porous matrix (original stratification or stratification of anthropic origin, e.g. plough pan) that can lead to the formation of a rapid saturated lateral flow during the infiltration events. An example of this was identified under a riparian buffer zone established on a soil with an impermeable horizon at 1m depth (Bosch et al., 1994) : in the wet season, a gravitational saturated lateral flow was observed above this horizon. However, the risk of transfer was not very significant, because of the low measured velocities, around 1.4 mm per hour (Bosch et al., 1996) . It may also be stressed that a difference in conductivity between the root mat of a grassy cover and the underlying horizon (×3 in winter, ×25 in spring) is likely to favor lateral flows . Actually in-situ measurements confirm that a difference does exist between the infiltration measured during runoff simulations and the theoretical infiltration deduced from direct measurements of vertical hydraulic conductivity, the theoretical value being significantly smaller than the measured value, which suggests the existence of a significant lateral flow . Elsewhere, it was observed on a physical laboratory model that lateral flow representing between 4 and 7% of the rainfall takes place in the root mat (3 cm) of a fescue sward established on a 3% slope (Watanabe and Grismer, 2001 ). But the associated loss of diazinon was low (< 0.9%) due to the adsorption process (Watanabe and Grismer, 2001) .
In fact, it seems that the risk of lateral subsurface transport is limited to specific situations. Shallow flows occurring within the root zone, even if significant in terms of water flow, should induce limited pesticide transport due to the strong adsorption capacity of soil and root materials. Thus, transport could occur only for "very thin" strips located along rivers, where contact time can be too short. But deeper transport can in theory be possible for a wider range of situations, since the leaching risk has been demonstrated (see Sect. 2.2) and because of a reduced adsorption capacity of the under-root zone. The groundwater flow velocity and the length of groundwater pathway between the infiltrating zone (i.e. the grassed strip) and the river will also be determining. Critical situations will be associated with coarse soils (because of their high permeability) surrounding an impermeable layer, and particularly near a river.
Knowledge needs about pesticide fate in grassed strips
The fate of pesticides intercepted by grassed strips should clearly be taken into account when evaluating the performance of the strips or when deciding on the installation of strips to reduce water pollution by pesticides. As reported above there is a significant number of data indicating that the intercepted pesticides are not irreversibly fixed or fully degraded in the strip. But, because most studies on grassed strips focused in priority on the filtering processes over short timescales, little is known about the significance of pesticide losses from the strip after interception. Predicting the fate of pesticides after their interception by the strip seems even more difficult than predicting the interception itself. Our review suggests two major points that should be studied more closely.
First, the study of the fate of the intercepted pesticides should not be restricted to the parent compounds but should be extended to the degradation by-products. There is a general agreement to recognize that degradation processes are rather intense in grassed strips due to their high microbiological activity, but the available data essentially concerns the parent compounds, and only few data were acquired on the degradation rate of the daughter compounds, which, as already noted, may also be a source of water contamination.
Second, subsurface flow processes, whether of preferential type or not, remain largely unknown. This is in fact a general problem in the study of subsurface hydrological processes since in most soils the poral structure and the active water pathways below the soil surface can rarely be identified and observed. But it is even more a problem in grassed strips for two reasons. One is that soils of grassed strips exhibit most often a larger macroporosity than usual agricultural soils since they are subject to larger faunal and rooting activity over long terms. This implies that the possibility of preferential flow is certainly greater in grassed strips than elsewhere. Another reason is that many grassed strips are located at the bottom of slopes and close to rivers, which correspond to wet situations that enhance the possibility of significant subsurface flow.
NUMERICAL MODELING OF THE FUNCTIONING OF GRASSED STRIPS
Mechanistic numerical models have been produced to integrate the different processes described above, with the aim of explaining experimentally measured outflows of water and pollutants from grassed strips of given dimensions and subject to a given incoming runoff. These tools represent each process by mathematical equations. The parameters involved in these equations usually have a physical sense and can therefore be measured either directly or indirectly. We review hereafter the main modeling approaches that have been published so far to our knowledge.
The VFSMOD (Muñoz-Carpena et al., 1999) and TRAVA (Deletic, 2001 ) are field-scale, storm-based models designed to route an incoming hydrograph and sedimentograph from an adjacent field through a grassed strip and calculate the outflow, infiltration and sediment trapping efficiency. They represent surface flow by means of the kinematic wave equation solved in 1D and allow a fine discretization of the grassed strip characteristics (vegetation roughness and density, slope and soil permeability). Infiltration is calculated using the Green and Ampt equation. A distinguishing feature of these models is their specific representations of solid particle transfers: physicallybased equations established at the University of Kentucky and the University of Aberdeen, respectively, derived from laboratory experiments. They have been successfully tested on experimental data: VFSMOD was calibrated and validated on natural (Muñoz-Carpena et al., 1999) and simulated (Abu-Zreig et al., 2001 ) rainfall events, while TRAVA was successfully calibrated on runoff simulations (Deletic, 2000) . But unfortunately, these models do not represent solute transport and adsorption-desorption processes.
The CREAMS model, initially developed to work on the plot scale and over long periods, has also been used to model the impact of a grassed strip on surface runoff and particle transfer (Flanagan et al., 1989) . Like the previous two models it resolves the kinematic wave equation in 1D and the Green and Ampt equation. The model has been tested on natural events, but with variable results: it has been shown that even though it reproduces more or less accurately daily runoff volumes, the occurrence of runoff events and seasonal losses of sediment, there is no correlation between simulated and measured values for sediment losses per event (Cooper et al., 1992) .
Another published model is the GRAPH model , which can be used to simulate solute transport, more particularly phosphorus transport, through a grassed strip in association with a runoff and erosion model. It takes into account the processes of advection, infiltration, biological sink terms and adsorption/desorption on soil and suspended matter. GRAPH was validated on phosphorus transfer data from open field experiments.
Last is the Riparian Ecosystem Management Model (REMM) (Lowrance et al., 2000) . This model takes into account a large number of processes, and particularly subsurface lateral flow, that is not taken into account by previous models, to estimate water, nitrogen, phosphorus and sediment transfer through a buffer system. Flow is calculated on a daily time step, which involves a number of simplifications, particularly for simulating surface runoff: the latter is represented by the ratio between an empirical concentration time and the duration of the event. Moreover, the model does not allow a fine spatial discretization: only nine macro-compartments are described, with three distinct soil layers and three vegetation zones. It follows that the validation of REMM is still partial. Even though the modeling of water table heights is generally acceptable, the error on runoff volumes is far higher (Inamdar et al., 1999; Tucker et al., 2000) .
Finally, it is important to underline that none of these models tackles the question of pesticide transport across a grassed strip. In their present state of development, the existing models only simulate the transfer of water and suspended matter. The chemical elements that are considered in these models are, so far, phosphorus and nitrogen. Moreover, the concepts used in these models fail to recognize the true complexity of the hydrodynamic processes occurring in a strip. For instance, the Green and Ampt equation, widely used to represent infiltration, is fairly restrictive: it assumes homogeneous initial soil water content, one-dimensional flow, and ignores the phenomenon of sorptivity. In particular, it fails to take account of infiltration in a stratified soil or in the presence of a water table. Also, no reported model considers subsurface flows explicitly, which in fact would require a 2D modeling approach.
RECOMMENDATIONS FOR THE INSTALLATION OF GRASSED STRIPS
The complexity and variability of the factors controlling the effectiveness of a grassed strip are so great that no satisfactory quantitative tool is presently available to define the optimum characteristics of a strip in a particular hydrologic situation, either on the strip scale, as explained in the previous part, or on the catchment scale. The current recommendations for the introduction of this type of system (siting and sizing) are essentially qualitative or the result of empirical approaches. This section reports the existing approaches.
Locating grassed systems in a watershed
Two reports, one written in France (Comité d'Orientation pour la Réduction de la Pollution des Eaux par les Nitrates, les phosphates et les produits phytosanitaires provenant des activités agricoles (CORPEN), 1997) and the other in the United States of America (USDA-NRCS, 2000), present current practices relating to the development of grassed strips. Although the reasoning differs on some points, the guidelines are very similar:
(i) A first very obvious guideline is that grassed systems should be sited to intercept runoff from cultivated plots.
(ii) A second defines the upstream to downstream management of the catchment. It is based on the fact that surface runoff, initially diffuse at the level of the plot where it appears, becomes more concentrated as it flows down the watershed in rills, gullies and channels, leaving an ever-greater mark on the landscape until cropping is no longer possible. Different systems are required to match these different types of flow (different in velocity, particle load and height): in-field or edge-offield grassed strips to intercept diffuse runoff; the grassing of existing thalwegs or the development of grassed thalwegs to control concentrated runoff; the grassing of stream banks to intercept flows before they enter the water resource to be protected. Moreover, American guidelines take account of the fact that runoff concentration can also limit the effectiveness of buffer systems. They therefore recommend that buffer zones be located as close as possible to the source, advocating the use of in-field grassed strips parallel to the contour lines. With edge-of field strips there is a larger risk of concentrated flows because of sediment deposits. The downstream development of riparian strips needs to take this factor into account and provide for dispersion of the flow before it enters the strips. This can be done when the strip is installed, either by smoothing the terrain or by developing the buffer system to match contour lines, or via a purpose-built system. An embankment to break the flow arriving from upstream, associated with small ditches that can overflow uniformly onto the strip, can play this role (see Fig. 3 ).
(iii) The third guideline concerns only riparian strips. American authors have shown that most of the runoff water in a river comes from small streams in the upper parts of the watershed, temporary or level 1 or 2 streams. This category of stream is therefore the one that must be protected first and foremost. Protection by riparian strips of higher level (level 3 or 4) branches of the hydrographic network can have only a very limited effect on stream quality as the area with direct runoff to this zone will be negligible on a watershed scale.
Until now, no experimental data has been published about the validity of such locating recommendations. Nevertheless, a distributed hydrological modeling work (Lecomte, 1999) confirms the fact that a small grassed fraction of the catchment area can significantly reduce contaminant fluxes at the outlet if the grassed strips are located on contributive waterways and at the low end of contributive plots. We also underline that existing recommendations do not take account of the subsurface processes. As stressed above, this is particularly problematic in the case of riparian strips which are close to rivers and where groundwater often comes up to the surface.
Sizing of the strip
Although the effectiveness of grassed strips in dissipating pollutant flows has been demonstrated by numerous authors, there are few references describing the dimensions that these systems should be given for optimum effectiveness according to the particular features of the site.
In France (Comité d'Orientation pour la Réduction de la Pollution des Eaux par les Nitrates les phosphates et les produits phytosanitaires provenant des activités agricoles (CORPEN), 1997), there are no bibliographical references and only a few qualitative rules on sizing have been formulated, primarily based on the distinction between diffuse flow and concentrated flow. Quantified values based on experimental results obtained at the Arvalis site of La Jaillière in the Loire Atlantique (Patty, 1997) are provided by way of information. For diffuse runoff, strip lengths of 10 and 20 m are proposed for hillslopes of under and over 100 m, respectively; if the flow is not perpendicular to the field edges, the lengths must be estimated in the direction of the flows. For concentrated runoff, the entire flow channel should be grassed or meadows created "in steps" if the rainfall area is greater than about 100 hectares (see Fig. 4 ).
American technical guidelines do not include any quantitative rules for sizing, either (USDA-NRCS, 2000). Nevertheless, it is noted that sizing should be based on the protection objectives (a strip to stop solid particles will be smaller than one to intercept soluble products such as nitrates and pesticides), the site-specific conditions (the strip will be larger if the soil permeability is low, the soil is close to saturation, particularly in the presence of a surface water table, and the runoff area is large) and, lastly, on what is economically or even politically feasible. Despite this "mechanistic reasoning", a "standard length" is proposed: 50 feet (15 m) for a stated 50% effectiveness if the runoff is diffuse and modulo the previously mentioned parameters. As far as sediment transfer is concerned, classes of grassed strip size have been established empirically, using an externally calibrated erosion coefficient.
Obviously, such fixed recommended strip lengths are contradictory to the multiplicity of processes and variables affecting the retention capacity of a grassed strip both in space and time (as explained in the first part). Such lengths are probably satisfactory on average but they should be optimized for specific situations, which certainly require more mechanistic approaches.
Other approaches rely on empirical formulas that consider only single acting processes and compute the expected flow reduction in a grassed strip of a given size. These formulas have been established with regard to the retention of solid particles (Flanagan et al., 1985; van Dijk et al., 1996) , nitrogen and phosphorus (Lim et al., 1998) , or to the limitation of surface runoff (Mander et al., 1997) . Their applicability is severely limited through the use of empirical coefficients without physical significance and calibrated under particular conditions. Moreover, by construction they are unable to take account of several interacting processes in a dynamic way.
Two physically-based approaches to the sizing of grassed strips can also be found in the literature. The first (Suwandono et al., 1999 ) uses a front-end model based on a combination of the NRCS curve number method, the unit hydrograph and the modified Universal Soil Loss Equation (based on vegetation, soil type and topography) to generate a rainfall hyetograph, a runoff hydrograph and a sediment loss from the cultivated area. The VFSMOD model (Muñoz-Carpena et al., 1999), already described, is then used to test the impact of different grassing scenarios on the contaminated flow. The second is an original approach developed for permeable soils, that is based on the criterion of minimizing the impact on the alluvial aquifer of flows infiltrating the buffer zone (Lin et al., 2002) . A probable depth of pesticide spread in the soil is calculated mechanistically, with the convection-dispersion relationship solved for a 1D permanent flow. Knowing the topography of the hillslope, the buffer zone is sized so that the upstream boundary of the buffer zone receiving the contaminated runoff is higher than the level established by the minimum distance to be observed between the water table and the soil surface to avoid contamination.
Finally, the ideal sizing strategy should combine physicallybased descriptions of surface and subsurface flows, the latter being bi-dimensional to take both vertical and lateral flows into account. But new numerical models have to be developed first as the existing models described above are not satisfactory (see Sect. 3).
CONCLUSION
Experimental studies to date have identified the processes and factors determining the effectiveness of a grassed strip to intercept pesticides. Nevertheless, this review highlighted some major processes that are of importance in the functioning of grassed strips and for which insufficient data and observations are presently available: the channeling of surface flow inside the grassed strips, the sedimentation and infiltration of highly concentrated fine solid particles, the adsorption of chemicals on soil and plants related to their kinetic aspects and the characterization of organic matters, and the temporal evolution of strip physico-chemical characteristics. Further research is required on the effectiveness of grass strips under natural conditions, but primarily on systems for which boundary conditions, initial conditions, and intrinsic physico-chemical properties are measured.
The question was then raised of what the intercepted products become, in the short and long terms. Our review suggests two major points that should be studied in the future. The first is the fate of degradation metabolites, as they were found to be more stable than the parent molecules. The second is the impact of subsurface flows, of preferential type or not, on the global effectiveness of a buffer system, particularly in the case of riparian strips.
In the present situation, there is considerable uncertainty about the development of grassed systems in order to stop both surface-and groundwater contamination by pesticides. Technical guidelines for the siting and sizing of these developments are still essentially qualitative and based on results obtained on a few particular sites. The literature to date still does not allow quantitative rules to be formulated, so the prediction capacities need to be improved. This is not only an environmental issue but also an economic one, as creating and maintaining a buffer Using grassed strips to limit pesticide transfer to surface water: a review 265 zone costs money. Quantitative information on the expected effectiveness of the installation of a grassed strip in terms of flow reduction and of impact on the quality of aquatic environments would be useful for managers of rural areas, but it would also be useful to convince a greater number of farmers to give up part of their cropping area for installing strips.
Improving the prediction tools involves taking the particular features of each site into account, and this requires the use of physically-based numerical models capable of integrating the different processes that determine the dissipation capacity of grassed strips. Mechanistic models have already been proposed but these require further development, in particular by integrating the whole range of transport processes and chemical reactions affecting pesticides on the surface and subsurface flows.
With the development of a prediction tool on the scale of the grassed strip, the formulation of short-term recommendations could be envisaged for a wide range of standard situations, through the testing of development scenarios. But such a tool would then need to be integrated into a more general management approach on the hillslope or the watershed scale and allow greater account to be taken both of the initial situation and of the upstream conditions.
